Longitudinal wall motion of the right ventricle (RV) has been thoroughly studied in patients with RV dysfunction. However, circumferential strain of the RV free wall has yet to be investigated. Therefore, this study was conducted to assess the utility of RV free wall circumferential strain.
Introduction
In the assessment of various cardiac diseases, including congenital heart disease, 1 ischaemic heart disease, 2 cardiomyopathy, 3 and pulmonary arterial hypertension, 4, 5 it is important to accurately evaluate right ventricular (RV) performance. Consequently, the assessment of RV function is increasingly recognized as important in the management of patients with RV dysfunction. The characterization of the complex morphological and functional properties of the RV has attracted considerable interest. Although current conventional echocardiographic techniques can be used to evaluate RV performance, 6 -8 the quantification of RV function remains a challenge due to the complex geometry of the chamber. Two-dimensional speckle tracking echocardiography is a novel echocardiographic technique that enables angle-independent measurement of regional strain. This technique has recently been introduced for the evaluation of regional RV as well as left ventricular (LV) function. 9 -13 The RV is a complex structure, both anatomically and functionally. Reduced longitudinal function of the RV, including tricuspid annular plane systolic excursion, tissue Doppler-derived tricuspid lateral annular systolic velocity (s ′ ), and longitudinal strain, has been used to assess ventricular dysfunction. 14 However, longitudinal shortening represents only one aspect of myocardial deformation, and changes in contraction in other dimensions are not well described. Previous investigations have paid less attention to RV circumferential deformation, despite the fact that circumferential movement of the RV free wall is important in RV ejection. 15, 16 Therefore, the aims of this study were to evaluate the characteristics of RV free wall speckle tracking circumferential deformation and to assess its relationship to RV functional parameters in normal subjects and patients with RV overload.
Methods

Study population
A total of consecutive 35 healthy children (normal group; mean age, 2.0 + 0.6 years; range, 0.5-3.0 years) and 27 patients with RV pressure overload (RVO group; mean age, 1.8 + 0.5 years; range, 0.5 -2.9 years) from December 2012 to January 2014 were examined. Participants were included in this study only if they were between 6 months and 3 years of age. Patients with RVO included 11 patients with pulmonary valvular stenosis and 16 patients with ventricular septal defect (VSD).
The VSD was associated with pulmonary hypertension [mean pulmonary arterial pressure (mPAP) of 25 mmHg or greater] in five patients, pulmonary stenosis (pressure gradient of 30 mmHg or greater) in three patients, and pulmonary artery banding in eight patients. All protocols were approved by the Institutional Review Board of the Medical University of Tokushima, and written informed consent was obtained from the parents of all patients. The study protocol conformed to the ethical guidelines outlined in the 1975 Declaration of Helsinki.
Standard echocardiographic study
All echocardiographic studies were performed with commercially available echocardiography systems equipped with 1-5 and 3-7 MHz sector transducers (Preirus digital ultrasound system; Hitachi-Aloka Medical Co., Tokyo, Japan). The LV end-diastolic dimension (LVEDD) and the LV end-systolic dimension were measured in the parasternal long-axis view. Pulsed Doppler LV and RV inflow were recorded in the modified apical fourchamber view, placing the sample volume at the level of the tips of the leaflets. The peak velocities of early (E) and late (A) LV and RV inflow were measured using pulsed-wave Doppler. Tissue Doppler velocities of the mitral and tricuspid annulus (e ′ , a ′ , and s ′ ) were also evaluated from the apical four-chamber view. LVEF was calculated from apical two-chamber and four-chamber images using the biplane Simpson's technique. RV fractional area change (FAC) was evaluated in the fourchamber view [RVFAC (4CH)] and the subcostal LV short-axis view [RVFAC (SAX)]. RV end-diastolic and end-systolic areas were quantified from the endocardial contours of the modified apical four-chamber view and the subcostal short-axis view, which focused on the RV. RVFAC was calculated as the absolute area change divided by the end-diastolic area. All measurements were performed in three cardiac cycles and then averaged. All echocardiographic examinations were performed within 3 days of catheterization, and measurements were obtained by an observer blinded to the cardiac catheterization data.
Two-dimensional speckle tracking echocardiography
Longitudinal two-dimensional RV free wall deformation Two-dimensional speckle tracking strain echocardiography of RV free wall longitudinal deformation was performed using a routine greyscalemodified apical four-chamber view focused on the RV.
Circumferential two-dimensional RV free wall deformation
Circumferential RV free wall strain was evaluated from the subcostal LV short-axis view. A region of interest was traced on the endocardium at end-diastole in the RV from the LV short-axis view at the level of the papillary muscles. The RV free wall was divided into three segments (namely, the anterior, lateral, and inferior segments), and three corresponding time -strain curves were evaluated. Global circumferential RV free wall strain was also generated by the imaging along the entire RV free wall.
After optimizing gain, dynamic range, and time gain compensation, the images were digitally recorded at 72-95 frames/s. Special care was taken to fine-tune the region of interest using visual assessment during cine loop playback to ensure that segments were tracked appropriately. All imaging data were digitalized and stored on a hard disk in the ultrasound unit, and then transferred to a personal computer for further analysis. Image analysis was performed using a novel customized software programme with twodimensional speckle tracking (US Image Viewer 2.0, Hitachi-Aloka Medical Co.) containing a pattern-matching algorithm that tracks tissue pixels. A tracking point is selected in the first frame of a two-dimensional echocardiographic image, and the algorithm then searches the next frame for the region that is assumed to be the closest to the selected point, according to the distribution of pixel intensity. The total movement of the selected point was traced by repeating this process frame by frame throughout the whole cardiac cycle, and these data were then recorded as co-ordinates. 17 The movement of the tracking point can be visualized on the screen during analysis, and the trace of the point can be visually confirmed. When mistracking compared with the actual wall motion was judged visually, new points were set, and tracking was resumed. Points of interest were tracked several times, confirmed visually, and the average tracking pattern was selected for further analysis. Movement of the points was automatically tracked during the cardiac cycle. Automated tracking was started at end-diastole, defined as the Q wave, on a simultaneously recorded electrocardiogram.
Cardiac catheterization
All patients underwent cardiac catheterization within 3 days after echocardiography. Catheterization and angiography (Integris Allura 9 Biplane; Phillips Medical Systems, Amsterdam, The Netherlands) proceeded with the use of 4 -5 Fr catheters. All patients were examined by biplane anteroposterior and lateral projection angiography. The RV end-diastolic pressure (RVEDP) and volume (RVEDV), systolic pressure (RVSP), and ejection fraction (RVEF), as well as mPAP and mean right atrial pressure (RAP), were measured using ventriculography and calculated by Simpson's rule for the RV using a quantitative cardiac analysis software package (CAW2000; ELK Corporation, Osaka, Japan). All values of ventricular volumes are expressed as ratios (%) of anticipated normal values calculated from the body surface area of each patient.
18,19
Statistical analysis
All data are expressed as means + SD or as medians with 5th and 95th percentiles. Statistical significance was determined using the Mann-Whitney U-test or the Kruskal-Wallis test, followed by Dunn's test, as appropriate. Linear regression analyses were performed for the correlations between the myocardial deformation and haemodynamic parameters, and Pearson's correlation coefficients were calculated. All statistical calculations were performed using Microsoft Excel 2007 (Microsoft Corporation, Redmond, WA, USA) and Prism version 5.0 (GraphPad Software, San Diego, CA, USA) installed on a desktop computer. A P-value of ,0.05 was considered significant. The interobserver and intraobserver variabilities of RV deformation were assessed using Bland-Altman analysis in a blind manner as the absolute difference between the measurements divided by their mean value from 20 randomly selected normal subjects and patients. After a 5 min interval, data recordings were performed by Observer 1, Observer 2, and Observer 1 once again. Data were stored in a digital format and transferred to a personal computer for offline analysis at intervals of 5-10 days.
Results
Patients' characteristics
Of the 35 normal subjects, three did not meet the inclusion criteria because of arrhythmia or a small atrial septal defect and were excluded from the study, as were two subjects in the normal group with inadequate data on either the short-axis or the four-chamber view. Two of 27 patients with suboptimal images from poor echocardiographic windows were excluded from all subsequent analyses. Accordingly, the study group included 30 healthy children (mean age, 1.9 + 0.6 years; range, 0.5 -3.0 years) and 25 patients with RV overload (mean age, 1.9 + 0.5 years; range, 0.5 -2.9 years). Weight was significantly lower in patients with RVO than in normal controls. There were no significant differences in LVEF between the two groups ( Table 1) . As expected, RVFAC was significantly lower in patients with RVO than in normal controls. Furthermore, there were significant differences in several echocardiographic parameters between the two groups, as presented in Table 1 . Figures 1 and 2 show representative examples of the image and profile of the RV free wall circumferential deformation in a normal subject and a patient with pulmonary valvular stenosis, respectively.
Characteristics of RV free wall circumferential strain in normal children
The RV free wall was divided into three segments: anterior, lateral, and inferior segments. Figure 1B shows the time -strain curves of circumferential deformation globally and for the three individual segments.
The circumferential strain was significantly lower in the anterior segment than in the lateral and inferior segments ( Figure 1C) . The time interval between the onset of the QRS complex and the peak strain values was significantly earlier in the anterior segment than in the other two segments.
Characteristics of RV free wall circumferential strain in RVO
The representative time-strain curves globally and for the three segments in RVO patients are presented in Figure 2B . The strain was significantly higher for the inferior segment than for the other segments. The anterior segment had an earlier peak strain time than the other two segments. The global circumferential strain was significantly lower in RVO patients than in normal controls (Figure 3) . The circumferential strains of the anterior and lateral segments were significantly lower in the RVO patients than in normal subjects, whereas no significant difference in the inferior segment was observed when comparing the two groups. When comparing the time interval between the onset of the QRS complex and the peak of the strain curves, the RVO group had significantly higher values in the three segments and the global circumferential strain curves.
Comparison between global circumferential strain and global longitudinal strain in the control group and the RVO group
In the normal subjects, no significant difference was observed between global circumferential strain and global longitudinal strain. Both global circumferential strain and longitudinal strain were significantly lower in the RVO group than in the normal group. In the RVO group, the circumferential strain was significantly greater than the longitudinal strain.
Relationship between RV systolic performance and global circumferential and global longitudinal strain in RVO patients
The relationships between RVFAC and the global circumferential and longitudinal strain were assessed. RVFAC was evaluated in the four-chamber view [RVFAC (4CH)] and the LV short-axis view [RVFAC (SAX)]. The global circumferential strain had a greater correlation r-value with RVFAC (4CH) than the global longitudinal strain ( Figure 4A and B) . RVFAC (SAX) also had a greater correlation r-value with the global circumferential strain than with the global longitudinal strain ( Figure 4C and D) . There was a significantly larger r-value between RVEF and circumferential strain than between RVEF and longitudinal strain ( Figure 5A and B). RVSP had a significantly greater negative correlation r-value with circumferential strain than with longitudinal strain ( Figure 5C and D) .
Reproducibility
Intraobserver and interobserver reproducibilities for analysis of myocardial deformation from 20 randomly selected participants (10 normal controls and 10 patients) were determined by BlandAltman analysis. The Bland-Altman plots for intraobserver and interobserver variabilities [bias + 2 SD (95% limit of agreement)] in circumferential strain are shown in Figure 6 . Intraobserver variability showed that the limits of agreement analysis revealed bias of 20.50 + 3.92% for RV free wall circumferential strain and 21.45 + 39.94 ms for the time interval between the onset of the QRS wave and peak circumferential strain. Interobserver variability showed that the limits of agreement analysis revealed a bias of 21.01 + 5.51% for RV free wall circumferential strain and 21.05 + 50.43 ms for the time interval from the QRS wave to the peak of circumferential strain. Furthermore, we evaluated the intraobserver and interobserver variabilities for analysis of RV free wall longitudinal strain (Figure 7) . Intraobserver variability showed that the limits of agreement analysis revealed a bias of 20.15 + 2.62% for longitudinal strain and 24.45 + 23.40 ms for the time interval between the onset of the QRS wave and peak strain. Interobserver variability showed that the limits of agreement analysis revealed a bias of 0.10 + 4.21% for longitudinal strain and 3.60 + 31.84 ms for the time interval.
Discussion
The major finding of the present study was that the RV free wall circumferential strain was more closely related to RV performance than longitudinal strain in patients with RV overload. Circumferential deformation predominated over longitudinal strain in patients with RVO, whereas strain analysis revealed no significant difference in peak strain during ejection in the two-directional strains in normal subjects. These results indicate that circumferential strain contributes to RV ejection to a greater degree than does longitudinal strain. The development of RV dysfunction in patients with pulmonary hypertension or congenital heart disease has been associated with adverse outcomes.
1,4,5 Therefore, clinicians need simple and reproducible tests to assess RV function to improve clinical management of patients. RVEF is generally considered to be a major determinant of systolic RV function. However, determining RVEF is time-consuming and depends on geometric assumptions, and this strategy has limited application in routine clinical practice. 20 Speckle tracking echocardiography is a more recent approach that allows strain imaging to assess cardiac function, which has the advantage of differentiating active motion from passive motion independent of the Doppler angle of incidence, unlike Doppler tissue imaging. 21, 22 Most studies of speckle tracking strain have focused on the assessment of regional LV function, but recently, investigators have applied speckle tracking strain to the assessment of regional RV function. 9 -13 The longitudinal strain is usually used for evaluation of RV dysfunction, whereas the circumferential strain has not been thoroughly studied. A few magnetic resonance imaging (MRI) studies have been performed on regional RV circumferential deformation and its contribution to RV function. 16 This study evaluated RV free wall circumferential strain using two-dimensional speckle tracking echocardiography in normal subjects and patients with RVO to assess its relationship with RV functional parameters. The RV free wall circumferential deformation was first evaluated in normal subjects. The RV free wall was divided into anterior, lateral, and inferior segments. 14 In normal subjects, the anterior segment had a lower strain value and shorter time interval between QRS wave onset and the peak strain curve. Differences in regional deformation of the RV free wall may be due to structural reasons, such as fibre direction, or due to differences in forces and geometry. Fibre direction has been previously suggested as the cause of these unique deformation characteristics. 23, 24 Despite several anatomical studies, the relationship between fibre orientation and RV mechanics is still not completely clear. 25, 26 Furthermore, electrical propagation is also presumed to affect the regional difference. In the RVO group, the time sequence of circumferential deformation was similar to that of the normal group; the deformation of the anterior segment was earlier than that of the other segments. The inferior segment had significantly higher circumferential strain than the other segments in the RVO group. Next, we postulated that the circumferential deformation was influenced by RV overload and reflects the RV performance more precisely than the longitudinal strain. In the RVO group, the RV free wall circumferential strain was greater than the longitudinal strain, whereas there were no significant differences in these parameters in the normal group. In RVO patients, circumferential strain predominated over longitudinal strain. These results indicate that longitudinal strain is more sensitive to RVO than circumferential strain. However, RVFAC, RVEF, and RVSP were related to circumferential strain more precisely than to longitudinal strain.
Longitudinal strain is the first parameter to decrease as RVO progresses. The results of the present study confirm previously reported findings demonstrating the utility of RV free wall longitudinal strain for the assessment of RV performance. 27 -29 Although the circumferential strain also decreases, the dominant wall systolic direction is circumferential, and RV performance correlates with circumferential strain.
The most important finding of our study was that RV systolic function, including RVEF and RVFAC, was more closely related to circumferential strain than to longitudinal movements. Measurement of RV free wall circumferential deformation has the potential to reflect RV haemodynamic performance and the severity of right-sided heart failure in a non-invasive fashion. Although longitudinal movements are easily identified, they are probably less important for RVEF than for circumferential strain.
The results of the present study demonstrate a shift in the RV free wall of the RVO group from longitudinal to circumferential shortening when compared with the normal RV group. The predominance of circumferential over longitudinal free wall contraction might represent an adaptive response to pressure overload. The pressure overload gives the RV a more circular short-axis shape. 15 This may facilitate circumferential shortening through reduced regional wall stress. Furthermore, in RVO, it is mainly the middle circumferential layer that hypertrophies. 30 Consequently, a relative increase in circumferential fibre mass may also contribute to the predominant circumferential RV free wall shortening. In patients with RVO, an altered fibre orientation in the RV free wall is likely to occur as the RV dilates. Changes in fibre direction in the free wall are supported by a study of Pettersen et al., 15 in which MR strain analysis was applied to patients with RV overload. Their results indicated predominant circumferential over longitudinal free wall shortening at the mid-RV, while the reverse has been observed in healthy control subjects. The results of the present study support the use of RV free wall circumferential strain to estimate RV performance as total RV function. Although right-heart catheterization or an MRI study is still necessary to assess RV performance, RV free wall strain might enable a serial followup of patients to non-invasively assess their response to treatment.
Limitations
Two-dimensional speckle tracking echocardiography can determine regional myocardial strain independent of angles and segments. However, some limitations of the current study should be noted. First, because speckle tracking uses a pattern-matching algorithm, errors in early frames can become amplified through subsequent frames. 17 Thus, the acquisition of high-quality echocardiographic images is essential, especially the first frame at end-diastole. The accuracy of strain measurement depends on the quality of the echocardiography. If image quality is poor, then peak strain and rotation values can be blunted. The reproducibility of strain measurement is affected by the frame rate of image acquisition. Secondly, although the heart deforms in three-dimensional space, our current speckle tracking echocardiographic system can measure only two-dimensional data. Despite this limitation, the results of two-dimensional echocardiography correlated very closely with those of previous MRI studies and demonstrated the clinical utility of the technique. 9 -13 Thirdly, the geometry and heavily trabeculated myocardium of the RV make it sensitive to errors in the determination of endocardial definition. Fourthly, the echocardiographic recordings were obtained from the subcostal short-axis view. It should be noted that this image can be obtained only in children but not in adults. Fifthly, the echocardiographic examination was not performed simultaneously with the cardiac catheterization. Furthermore, the reproducibility of circumferential deformation was shown to be lower than the longitudinal strain. This point can be a problem for clinical utility. Finally, this study covered a small number of patients in a prospective single-centre study, and the accuracy of 2D RV strain for RV performance remains unclear because of the modest correlations. Therefore, further studies of larger patient populations are necessary to determine the utility of RV free wall circumferential strain for the evaluation of RV performance in patients with RV overload.
Conclusions
The characteristics of RV free wall circumferential strain were evaluated in normal and RVO groups. There was a shift in RV free wall deformation from longitudinal to circumferential shortening in the RVO group. The predominant circumferential contraction may represent an adaptive response to RV overload. The present study demonstrated that RV free wall circumferential strain may be more useful for the evaluation of RV performance than longitudinal strain.
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